Gluon fusion into a very heavy neutrino pair by Higgs exchange is shown to lead to substantial production cross sections at pp supercolliders even without any extra generation of quarks. Rates are calculated for scalar as well as pseudoscalar Higgs. The angular correlation between dileptons emerging from the decays of the neutrinos shows distinctive features for Dirac and Majorana neutrinos as well as for scalar and pseudoscalar Higgs. * debchou@tifrvax.bitnet † rohini@tifrvax.bitnet ‡ probir@tifrvax.bitnet
The production and subsequent decays of very heavy neutrinos (generically denoted N with M N > M Z /2) in forthcoming colliders has attracted a certain amount of recent interest [1] [2] [3] [4] [5] [6] . Such particles are predicted by many theories -e.g. a 4th generation extension [6] of the Standard Model (SM), left-right symmetric theories [7] as well as SO(10) or E 6 -based grand unified models [8] . However, their properties are largely unconstrained by low energy phenomenology or astrophysical/cosmological considerations so long as they are unstable, stable ones being cosmologically disfavoured [9] . Thus the best hope of detecting them rests on their copious production at high energy supercolliders and on the observation of their decays into distinctive final states.
The requirement of a reasonable signal to background ratio in the above process points towards reactions induced by neutral currents rather than those effected by charged currents [4] . Taking this cue, we concentrate on the gluon fusion mechanism in a pp supercollider producing a Z boson or a spin zero Higgs particle (off-shell, in general,) which later goes into a pair of very heavy neutrinos that decay within the detector. The naive expectation would be for the quark-antiquark annihilation mechanism of Drell and Yan to produce the dominant contribution. Yet, this is belied [7] on account of two reasons. (1) The density of gluons in the proton is far higher than that of quarks or antiquarks in the kinematic region of interest. (2) The quark mass appears as a factor in the coupling of quarks to the Higgs as well as to the longitudinal component of the Z suppressing the light quark contributions.
Thus gluon fusion (through a heavy quark triangle) into a Z or Higgs and then into an NN pair is the dominant production process at high energies. Ref [5] has already discussed the Z-mediated process. Our focus in this communication is on the Higgs contribution to the gluon-fusion mechanism and some of its interesting properties.
We assume that the heavy neutrinos decay within the detector into a light charged lepton (e, µ, τ ) by charged current interactions, i.e. N(N ) → ℓ(ℓ) + a real or virtual W converting into a lepton-neutrino pair or into jet(s). Universality constraints on such couplings are rather weak at present [12] . For heavy neutrinos belonging to a fourth generation, a general-ized GIM mechanism would operate and these would be the only decay modes. For the case when N L is an SU(2)×U(1) singlet (and/or N R is part of an SU(2) doublet) there could also be a [13] neutral current induced decays: N(N ) → ν L (ν L ) + a real or virtual Z. However, each such decay would generate a very large E T associated with a possibly reconstructible Z.
Thus the corresponding events would have rather spectacular signatures. Our concern here is with the less spectacular but nevertheless interesting signals generated from the charged current induced decays of N, N.
Thus, when N is Majorana, we would have a like-sign dilepton pair without E T and with jets, arising from the semi-hadronic decays of the pair. For a Dirac pair, though, one has to be more careful because of the background from the production and semi-leptonic decays of a tt pair. The best signal to trigger on now is the one consisting of the leptonic decays of both the heavy neutrinos. Despite the loss in terms of the branching fraction, one gains enormously in the cleanliness and uniqueness of the signal. The final state is characterized by four charged leptons, E T and no jets. The choice of this hadronically quiet mode then, at a single stroke, gets rid of the potentially troublesome background from a tt production. With this constraint and the further realization that the 4-lepton signal from tt is suppressed by the branching fractions and that two of these leptons have. on the average, much lower E T , one sees easily that such backgrounds need not be worried about. The prominent background then arises from the production and decays of double Z's. With a cut on E T and additionally a check on the unlike sign dilepton invariant mass distributions, this can be tackled.
We assume a phenomenologically interesting mass-range of 50 -500 GeV for a generic N. The mass-range of the exchanged Higgs is also taken to be similar. For simplicity, consider either a pure scalar or a pure pseudoscalar coupling of the latter to the heavy neutrino pair. Such is the case in several interesting models -in particular -in the minimally extended SM with two Higgs doublets (with or without supersymmetry). Leftright symmetric models, also have this property in consequence of the required absence of any tree level flavour-changing neutral current. We need not, however, confine ourselves to any particular model at this stage and will come to specific model-dependence later.
The above assumptions restrict the relevant Yukawa Lagrangian to
The index i here runs over the heavy quarks Q = (t, b). Terms involving the lighter quarks and ordinary leptons have been suppressed. H and A are scalar and pseudoscalar fields respectively while h S,P (h ′ S,P ) are real constants, their departure from unity reflecting any possible deviation from the SM couplings caused by either fermion mixing or Higgs mixing.
In many models ( e.g. , one with two Higgs doublets), there are more than one neutral Higgs. Of these some have scalar couplings with the fermions, and we shall generically call them H. There are also those with pseudoscalar couplings and are generically designated A.
Their vertices with two gluons, at one-loop order, is generated through heavy quark triangle diagrams. The gluon-gluon-scalar [7] vertex (with on-shell gluons of four momenta k 1 and
In (2)
is the running QCD fine structure constant. Similarly, for the gluon-gluon-pseudoscalar vertex, we
A comparison of the above expression with that for the ggZ * vertex [5, 8] is instructive.
The latter has an enhancement [8] at high energies because of Yang's theorem, yet it is unable to dominate over the former. The key reason for this fact lies in the group theoretic nature of the Q i Q i Z coupling. The leading term in the ggZ * vertex comes proportional to T r(T 3L ) and hence vanishes as a part of the anomaly cancellation. The next-to-leading term is numerically much smaller. Such is definitely not the case for either of the ggH and ggA vertices. Between the two, though, the pseudoscalar vertex is less affected by such cancellations in comparison with the scalar one. Thus, for equal coupling strengths, the pseudoscalar amplitude is somewhat larger.
The differential cross section for the process g(
, with S µ standing for the spin pseudovector, is
In contrast, for g(
In (4) and (5) for the pseudoscalar case occur in Figs. (2 a, b) . The result could be viewed from a different perspective if the cross-sections were plotted as functions of m H instead (Fig. 3) . This provides us with a ready estimate of the range of m H for which a heavy neutrino of a given mass and coupling would be observable at the SSC.
We want to emphasize the point that the cross sections are quite large even without the introduction of 4th generation quarks. In fact, for a very wide region of the parameter space, these are orders of magnitude larger than that for the Z-mediated process. This is true even when one is significantly away from the peaks (corresponding to the s-channel
Higgs resonance) in Fig. 1-3 . This result, for Majorana neutrinos (since only those were considered there), was basically contained in the work of Datta and Pilaftsis [6] . However, in all realistic seesaw models of Majorana mass-generation, there is a small mixing angle in the HNN coupling. This led to an effective suppression of the cross section in their case. Thus, both in Refs. [5, 6] , an extra generation of heavy quarks had to be brought in to generate measurable rates. Such a suppression factor need not be present for a heavy Dirac neutrino.
An additional feature of our investigation is the pseudoscalar channel. Given the not unnatural assumption of comparable heavy neutrino coupling strengths for the scalar and the pseudoscalar Higgs, it is evident from Fig. 1-2 that the cross section for the pseudoscalar exceeds that for the scalar by almost an order of magnitude. This is a new result of considerable significance -especially in the context of two Higgs doublet models (with or without supersymmetry). Of course, this observation gets vitiated if the Higgs has simultaneous scalar and pseudoscalar couplings; but the latter is incompatible with the principle of natural flavour-conservation [14] and we ignore it.
The next issue, once the measureability of the heavy neutrino pair-production rate has been established, is the signal profile. As explained earlier, Majorana NN production has the very distinctive signal of a pair of like-sign dileptons and jets but no E T . In contrast, Dirac NN production is best studied through two pairs (one hard, one softer) of unlikesign dileptons and nonzero E T . The E T -and the rapidity-distributions of the charged leptons obviously follow two patterns: one for the lepton directly produced at the N-decay Having established the feasibility of searching for such heavy neutrinos, let us now turn to the proposal of distinguishing between Dirac and Majorana ones, first mooted in Ref. [5] .
For the large values of M N , considered here, the measurement of final state lepton charge signs may not be easy since these leptons are going to be very energetic. Nevertheless, the angular correlation between two such leptons should be measurable. The authors of Ref. [5] employed the formalism of Tsai [15] to show that the dilepton angular correlation for the
Majorana N's. Such a procedure works in the present case too. This is straight forward to see once one realizes that the discrimination in Ref. [5] in fact originates from the contraction of the ggZ * vertex and the Z * -propagator to the ZNN coupling which effectively renders the latter into a pseudoscalar one. 2 It follows that, for a pseudoscalar exchange, the correlation is identical to that of Ref. [5] . For the scalar-mediated case the structure of the vertex is a little different, but nonetheless the discrimination works.
In order to elaborate on the last statement, we go to the gg CM frame and write the momenta and spin pseudovectors of N and N (with velocities ±p) respectively as [5] 
where ξ 1,2 are the spin-vectors in their corresponding rest frames. The relations
follow. The use of these relations enables us to rewrite (4) and (5)
where we have lumped all the ξ-independent parts into the factored function f H,A (q 2 ).
We can further designate the polarization vectors 3 of N and N as ω 1 and ω 2 respectively and denote the momenta of the final state decay leptons ℓ(ℓ), for N → ℓW, N → ℓW ) by q 1 ( q 2 ). Then, in the notation of Ref. [5] , we can write
with
B being the branching ratio for the W -decay that is being triggered on ( e.g. in the Dirac case it would be the leptonic branching fraction).
Again, as in [5] , the use of Eq. (4.26) of Ref. [15] leads using eqs. (7) and (8) to the triple differential cross sections for a Dirac N
with Γ D T OT as the total decay-width of the Dirac N. In the Majorana case if the lepton charge signs are unobserved, one must take the sum
This can be calculated following Ref.
[5] to be
In ( In summary, we have presented a feasibility study for finding very heavy neutrinos at pp supercolliders through direct pair-production from gluon fusion. For the mass-range that is kinematically interesting at such machines, this process dominates. We have compared the contributions due to different propagating bosons in the intermediate state arriving at the following conclusion. For a large area of the parameter space, Higgs-exchange overwhelms the Z-contribution, with the pseudoscalar (if existing) taking the lead. This is to the extent that measurable supercollider rates are possible (because of the heavy top) with only three quark generations -a fact that is not true for the Z exchange contribution. We have also shown how final state dilepton angular correlation can discriminate a Majorana heavy neutrino from a Dirac one and, for the latter, a scalar Higgs exchange contribution from a pseudoscalar or Z-mediated one. Much of what we say also goes through for the production of neutral fermions in a supersymmetric theory. These and other related issues will be elaborated elsewhere.
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